Viscosupplementation is a symptomatic treatment of osteoarthritis (OA) intended to restore rheologic homeostasis of the synovial fluid by injecting hyaluronic acid intraarticularly. Despite the long history of this therapy, little is known about its mechanisms of action and differences between commercial preparations. We investigated the rheologic behavior of OA synovial fluid with time, when stored at 4°C, before and after the addition of two hyaluronic acid commercial preparations (linear and cross-linked). Thirteen OA synovial fluids were stored at 4°C and assayed using steric exclusion chromatography, which allows hyaluronic acid to be separated from the remaining pool of proteins and its molecular weight and concentration to be determined without any pretreatment and calibration. The synovial fluid rheology also was studied in vitro, before and after addition of two viscosupplements, over 6 weeks. The non-Newtonian behavior of synovial fluid throughout followup appears to be the result of loose interactions between proteins and hyaluronic acid. When mixed with the linear hyaluronic acid, synovial fluid becomes less non-Newtonian whereas the non-Newtonian behavior was reinforced when mixed with the cross-linked hyaluronic acid. The rheology was nearly unchanged for all synovial fluids over 6 weeks. Our preliminary trial shows it is possible to study synovial fluid, stored at 4°C, over a long time and suggests the enzymatic degradation of hyaluronic acid is negligible under these experimental conditions.
Introduction
OA is the most common disease affecting synovial joints and is one of the most prevalent chronic conditions in Western populations [16] . Balazs [6] and Balaz and Denlinger [7] proposed correcting OA synovial fluid (SF) disorders by injecting high-molecular-weight hyaluronan acid (HA) and thereby introduced the concept of viscosupplementation (VS). VS by intraarticular injections of HA is used for reducing pain and improving joint mobility in patients with OA of the knee and other synovial joints [5, 11] by restoring SF rheologic properties affected in OA. HA is a natural polysaccharide existing in the animal body [28, 31, 35] and especially in the joints where it plays an important role in lubrication, shock absorption, and viscoelastic behavior of the synovial fluid [8, 17, 22, 39, 58] .
The viscoelastic behavior involves entanglements in HA and/or protein-HA associations based mainly on electrostatic interactions [46] . As HA is an anionic polyelectrolyte able to interact with positive charges on proteins, the viscoelasticity of SF may be related to the formation of a complex of HA and proteins forming a physical threedimensional network [17, 29, 57, 58] . Inflammatory and degenerative joint diseases, mainly OA, are responsive to modifications of the SF characterized by a decrease in the amount of HA molecules of high molecular weight and in the concentration of HA at least partly as a result of exudation [9, 55] . The mechanisms of degradation of HA have been described [3, 41, 45, [49] [50] [51] . These changes reduce the viscoelasticity of the SF and its ability to protect the joint [5, 6, 21] . HA in healthy adults is claimed to have a molecular weight in the range of 4 to 5 9 10 6 Da [7] . Its synovial concentration ranges from 2.5 to 4 mg/mL [7, 9, 14, 48, 58] , which grossly corresponds to a total amount of 4 to 8 mg HA in a healthy person in which the volume of SF is assumed to be 0.5 to 4 mL [7, 30] .
Rheology, which includes intrinsic viscosity and dynamic and steady viscoelastic measurements (ie, the measurement of the storage modulus G 0 reflecting the elasticity and the loss modulus G 00 reflecting the viscosity), is a convenient technique to evaluate the behavior of SF, especially in view of the evolution of its viscoelasticity in OA when compared with normal SF [8, 39] . The rheologic behavior of linear HA solutions is strictly related to the product of molar mass and HA concentration, which also controls HA's biologic effects [12, 13, 18, 19, 22, 23, 54] . The injection of very high-molecular-weight HA, and especially of partially cross-linked HA, may allow recovery of desirable viscoelastic behavior (especially elastic contribution) [7, 36, 37] . Other biologic roles for exogenous HA in OA include an analgesic effect by interaction with pain receptors [23] , promotion of endogenous HA production [4, 38] , and various antiinflammatory effects [10, 15, 24, 34, 42, 43, 56] . Nevertheless, the biologic effects of VS last much longer than its presence in SF, leading to the concept of ''viscoinduction'' effects extending beyond the effects of viscosupplementation. In an open-label study, Bagga et al. [4] reported an increase from baseline in SF HA concentration (13%) and complex shear modulus at 3 months after HA injection, suggesting VS could promote endogenous HA production. This effect could be mediated through interactions between HA and its receptors CD44 and RHAMM (receptor for hyaluronanmediated motility) [20] .
Despite its widespread use, the magnitude of the clinical effect of VS remains controversial and appears different according to the VS formulations, which differ widely in molecular weight, origin (animal or bacterial), and residence time in the joint [4, 20, 25, 27, 29] . The advantage of cross-linkage seems mainly to increase the stability and residence time of the VS in the joint. However, other studies suggest the noncross-linked VS effect is comparable with that of the cross-linked system [27, 43] , and to date, no definitive conclusion has been reached regarding any advantage of cross-linkage on the clinical benefit [2, 27, 29, 33, 52, 59] . Therefore, techniques aimed at investigating variations of HA (concentration and molecular weight) and rheologic changes attributable to VS are needed to better understand its mechanisms of action and to determine possible differences between different HA commercial formulations.
The objectives of this study therefore were to (1) compare in vitro the changes attributable to the addition of two different formulations of VS (medium-molecular-weight linear HA and high-molecular-weight cross-linked HA) on SF rheology and (2) evaluate the stability of the HAmodified SF with time.
Materials and Methods
The primary aim of the study being the modifications induced by exogenous HA addition in OA SF, we obtained synovial fluid by sterile aspiration of the affected joint in 12 patients (nine women; mean age, 68 years; mean body mass index, 27.4) with knee OA and one patient (male; age, 63 years; body mass index, 28.2) with shoulder OA. All patients were referred to the rheumatology unit for moderate (five patients) to severe (eight patients) OA, according to the Kellgren-Lawrence [26] radiographic classifications (Grades 1-2 and 3-4, respectively), with clinical evidence of SF effusion. None was affected by any other arthritic condition (inflammatory or crystal deposition disease). Arthrocentesis was performed by an experienced rheumatologist using a 50-mm 20-gauge needle to remove as much SF as possible before corticosteroid or HA intraarticular injection. The SF was collected in sterile tubes and the volume recorded. Each SF sample was aliquoted into three tubes. One (2 mL) contained SF alone and was used for steric exclusion chromatography (SEC) experiments and rheology; in the other two (each 1 mL), a VS was added in a volume ratio of 1:1 before rheologic examination. Such a ratio was chosen because it corresponds to that obtained in vivo in the usual clinical conditions of VS (ie, injection of 2 to 6 mL VS into a knee without effusion) [15] . Two distinct HA commercial formulations, representative of those used in clinical practice as VS, were used to compare their effect on SF behavior. All three samples then were stored at 4°C.
The HA used as a VS consisted of (1) a linear HA of bacterial origin (ARD, Pomacle, France) and (2) a crosslinked HA, Hylan G-F 20 (Synvisc 1 ; Genzyme Corp, Cambridge, MA) The linear HA solution at 10 g/L was prepared by direct dissolution of HA in 0.15 mol/L NaCl. The weight-averaged molecular weight of the linear HA was 1.14 9 10 6 Da, with an intrinsic viscosity of approximately 1000 mL/g. Hylan G-F 20 has a concentration of 8 ± 2 g/L containing 80% Hylan A, obtained by extraction from rooster combs, and 20% chemically cross-linked Hylan A, characterized by sulfonyl-bis-ethyl cross-links between the hydroxyl groups of polymer chains, named Hylan B. This structure gives a chemical network leading to a substantially different rheology compared with that of linear HA [37, 39] . For example, a solution of Hylan G-F 20 at 1% is 15-fold more viscous and ninefold more elastic than unmodified HA at the same concentration. The crosslinking also allows a longer residence time in the joint than that of linear HA products, particularly for Hylan B, whose insolubility delays its removal from the joint. Only an apparent molecular weight (approximately 8 9 10 6 Da) may be used to characterize such systems [37] .
Each SF was assayed twice by SEC using an Alliance GPCV2000 system (Waters Corp, Boston, MA) equipped with three detectors online: a differential refractometer, a viscometric detector, and a multiangle laser light scattering detector from Wyatt Technology Corp (Santa Barbara, CA) [37, 44, 47] . The concentration of HA polymer in the sample injected was lower than 0.5 g/L with an injection volume of 108 lL using two columns in series (Shodex OH-pack 805 and 806; Showa Denko KK, Tokyo, Japan); these columns allow separation of high-hydrodynamicvolume HA from the lower-hydrodynamic-volume proteins. Knowing the volume injected and the refractive index increment dn/dc, we could determine the polymer concentration eluted. Before injection, all samples were filtrated on a 0.2-lm-pore cellulose acetate filter (Sartorius AG, Göttingen, Germany) to retain large aggregates (or flocculated proteins). The eluent used was a 0.1-mol/L NaNO 3 aqueous solution at an elution temperature of 30°C and a flow rate of 0.5 mL/minute. Molecular weight distribution and weight-averaged molecular weight of HA and proteins could be determined separately from light scattering detection eliminating the need for molecular weight calibration. The signal of the differential refractometer is related to the polymer concentration eluted through the coefficient dn/dc (0.153 for HA [37] and 0.190 for the protein pool [53] ).
Only soluble proteins were detected in this assay. Because of the large dilution used, we assumed no protein-HA complexes perturbed the quantitative determination of the polymers. The amount of soluble proteins was determined using the Bradford titration after dilution of the SF (ratio 1:20). The interference with HA was taken into account in a calibration curve performed with bovine serum albumin. The HA content of SF is much lower than that of proteins and its contribution does not exceed 2% in the protein determination.
The mean concentration of HA was 0.86 g/L (range, 0.2-2.5 g/L) and that of soluble proteins was 29.9 g/L (range, 25-35 g/L). The mean weight-averaged molecular weight of HA was 1.45 9 10 6 Da (range, 1 9 10 6 to 3 9 10 6 Da), whereas the weight-average molecular weight of the proteins was 118,547 Da (range, 85,000-135,000 Da) (Fig. 1) . The values of protein concentration were in good agreement with the direct titration using the Bradford method.
The rheologic behavior of SF was determined using an AR 1000 Rheometer (TA Instruments, New Castle, DE) at 25°C using a cone and plate geometry (4-cm-diameter plate with 3.59°cone). Dynamic experiments were performed in the linear viscoelastic region where G 0 and G 00 are independent of the stress applied at a given frequency. Dynamic moduli (storage modulus G 0 and loss modulus G 00 ) and complex viscosity jg*j were determined as a function of the angular frequency (x) expressed in Hertz. Steady-state viscosity g was determined as a function of the shear rate c covering the range from 0.1 to 50 s À1 . Dynamic moduli (storage modulus G 0 and loss modulus G 00 , complex viscosity jg*j, and steady-state viscosity g) were tested on SF alone and on SF with the two studied VSs added in a volume ratio 1:1. Equal volumes of each component were mixed at ambient temperature under magnetic stirring 15 minutes before the experiment. The stability of the rheologic behavior in SF and HA-modified SF samples was obtained by measurements at baseline and then 6, 15, and 45 days later. Between successive experiments, the samples (SF and HA-modified SF) were stored at 4°C in a refrigerator without any pretreatment.
Results
In steady-state flow experiments, all SFs (in the absence of added HA) were non-Newtonian (ie, viscosity decreases when the shear rate increases), the viscosity at 0.1 s À1 varying from 0.1 to 10 Pa Á s (Fig. 2) . The dynamic rheology of the VSs showed gel-like behavior (with G 0 [ G 00 over a large range of frequency) for the cross-linked HA but not for the linear HA (with G 00 [ G 0 over a large range of frequency), corresponding to the behavior of a viscous solution (Fig. 3) . The behavior of Hylan G-F 20 in a steadystate experiment was non-Newtonian throughout the range of shear rates. The linear HA had Newtonian behavior up to 10 s À1 (not shown). Addition of the linear HA slightly modified the behavior of SF, increasing the viscosity at higher shear rates and decreasing the shear rate dependence of the SF, suggesting SF/HA interaction (Fig. 4 ). The addition of Hylan G-F 20 led to considerable non-Newtonian behavior in the supplemented SF and a large increase in the viscosity over the entire range of shear rates.
A slight decrease in the rheologic behavior appeared in the very first hours of aging and then stabilized (Fig. 5) . We observed nearly no change at any subsequent time in either of the HA-treated SFs. The addition of Hylan G-F 20 clearly induced a gel-like behavior (G 0 [ G 00 ) in the SF over the range of frequency (Fig. 6 ). G 0 modulus decreased slowly with time but remained larger than G 00 over the entire range of frequency.
Discussion
VS is a symptomatic treatment of OA aimed to restore rheologic homeostasis of the SF by injecting HA intraarticularly. Despite the long history of this therapy, little is known about its mechanisms of action and differences between commercial preparations. We therefore (1) 
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Despite the fact this was only a pilot study, performed on a limited number of SFs obtained from patients with knee OA of various severity, our results showed good agreement between SFs for composition and rheologic parameters. Furthermore, the accuracy of HA content determination by SEC may be slightly limited because of the large ratio of protein concentration/HA concentration (approximately 30 g/L for protein and 0.5 to 1 g/L for HA in SF). Finally, although these data strongly suggest linear and cross-linked VSs induce large differences in the OA SF rheologic behavior, the results of this in vitro study cannot be applied to in vivo situations. Further studies specially designed for that goal must be performed in vivo.
Our data show non-Newtonian behavior in SF whatever the level of viscosity and the HA concentration. This behavior can be attributed to electrostatic interactions between anionic HA and cationic sites of proteins that form a loose three-dimensional network, which reinforces the rheologic behavior. Hydrogen bonds also can be involved to stabilize these interactions. The main lesson from this study is that the cross-linked HA is much more efficient in improving the rheologic behavior of the OA SF than the linear one. In comparison to linear HA, cross-linked HA favors the elasticity of the HA-modified SF. However, the rheologic modifications induced by VS are likely not the only parameters explaining the clinical benefit [13, 38] of the treatment, as pointed out in the Introduction. The effective HA concentration and the content in proteins are other major factors playing a role in SF rheology; if the HA molecular weight is not clearly depressed, as has been seen previously, the concentration is important because the viscosity is related in priority to the product molecular weight 9 concentration. The main factor influencing the SF rheologic behavior seems to be the level of dilution as a consequence of joint effusion [40, 55] . One other important factor may be the interaction between proteins and HA, leading to complex formations whose structure may be influenced by the composition of the proteins [46] . Our data suggest the rheologic properties of SF are unchanged over 6 weeks. This suggests there is no ongoing HA degradation in isolated SF and the enzymatic mechanisms may be negligible in the current experimental conditions. However, one cannot presume this absence of degradation occurs in an arthritic joint in vivo. In vivo studies are needed to better understand the mechanisms that lead to the elimination of the VS injected in an OA joint. Our results show our protocol of SF removal and storage (dry tube at 4°C) could be usable in further in vivo studies. SEC and rheology may be combined to characterize SFs and their evolution during VS treatment. Their use could be helpful to better understand the mechanisms of action of VS and to explain a patient's response to treatment. The method we are proposing allows analysis of the composition of SF without any pretreatment or calibration. Our assay gives a direct molecular weight determination by light scattering and determination of concentration by differential refractometry. A similar technique showed good agreement between SEC estimation after incubation with pronase to hydrolyze proteins [40] ; direct determination by SEC seems to be a useful technique to determine molecular weight and concentration of HA in SF. The elution of HA in SEC is perfectly dissociated from that of the protein pool. The peak appearing first in SEC corresponds to HA in direct relation with its large hydrodynamic volume. A low concentration is associated with high viscosity and high light-scattering signals. The weight-averaged molecular weight of HA ranged from 1 to 3 9 10 6 Da (but more generally approximately 1.5 9 10 6 Da), in agreement with previous results obtained with a similar technique [1, 40] . This range of molecular weight values is lower than published results but similar to those obtained using other techniques [9, 14, 32] .
Our data suggest it is possible to assess HA concentration and viscoelastic properties of OA SF by the combination of SEC and rheologic experiments. Linear and cross-linked HA induce different changes in the OA SF rheologic properties when added in vitro. This modification of SF behavior is related to VS rheology but may also be attributable to interactions between SF proteins and exogenous HA. In vivo studies are needed to investigate the changes of SF occurring after VS and consequently to better understand its mechanisms of action.
